ABSTRACT MUNNECKE, D. E., J. L. BRICKER, and M. J. KOLBEZEN. 1978. Comparative toxicity of gaseous methyl bromide to ten soilborne phytopathogenic fungi. Phytopathology 68: 1210-1216.
Methyl bromide (MB) has been used commercially to (125-ml Erlenmeyer flasks) containing the fungi, and control soilborne phytopathogenic fungi fo*r exhausted into a fume hood. Gas concentrations were approximately 30 yr. We estimate that 3,300 metric tons monitored by attaching the outlet of a reaction vessel to a were used in California in 1976. In spite of extensive gas chromatograph. Concentrations of MB were usage, accurate data were not available on the actual controlled to approximately ± 1.5% by fine adjustments toxicity of gaseous MB to the common, soilborne of the valve adjacent to the manifold. Such adjustments phytopathogenic fungi. With the development of usually were necessary only once or twice in a 24-hr methods for applying controlled and monitored exposure period. Controls consisted of samples of the concentrations of MB (8, 9) it became possible to measure fungi plated-out at the start of each experiment and after responses of fungi and nematodes to that toxicant. This is exposure to flowing air in flasks for the duration of each a summation of our studies, believed to be the first on the experiment. Viability of these control propagules was comparative toxicity of MB to phytopathogenic fungi in 100%. There was no significant variation in response of which the concentration of gas actually applied was fungi held in reaction vessels exposed to a given monitored and carefully controlled throughout an concentration of MB; thus one reaction vessel was used experiment. A specific report for the dosage response of for a single treatment. Duplicated experiments were Phytophthora cinnamorni (14), a generalized account for closely correlated. five of the fungi (15), and an abstract of this paper (16)
The time to reach maximum concentration of MB in a have been published. reaction vessel from the start of fumigation was approximately equal to the time required to reach MATERIALS AND METHODS minimum concentration upon aeration. For example, when P. ultimum was fumigated with MB (26,500 General.--Fungi were exposed to mixtures of MB and Aliter/liter), the concentration of the effluent from a air in a free-flowing system, and the combinations of time reaction vessel rose to 80% of the input concentration in of exposure and concentration of MB required to kill 90% 10 min and 95% in 23 min. The curve for aeration was of the propagules were determined. Gaseous MB was somewhat steeper, decreasing to 5% MB in 18 min. mixed with compressed air and passed into a 12-outlet Almost identical curves were obtained when okra stems manifold ( Fig. 1) as reported previously (8). The flow of infested with V. albo-atrum were used. gases from the manifold was regulated to 20 ml/min by An experiment consisted of one test of the effect of one restrictors made of tubes packed with Celite. The gases concentration (C) of MB on one fungus exposed for were bubbled through water, passed into reaction vessels various times (T), usually at 1 hr intervals ( Table 1) .
by plotting percent survival (probit scale) versus T (log needed to kill 90% (LD 9 o) of the test propagules for a scale). Such curves typically were linear, very steep, and specific C could be estimated in this manner. In most correlation coefficients were uniformly high. The T cases the LD 90 was estimated by examination of the data in tabular form. At least six different concentrations were then plotted using log C (jAditer/liter) as the ordinate and log T (hr) as the abscissa (Fig. 2) . The resulting plots EXHAUST of the LD 9 o values were linear and the slopes of the curves varied with the fungus tested. Specific methods (Table 1 ). 11-14% water (w/w) and fumigated with MB. Usually 50 Dumont sunsu Purdy, 13. All of the fungi were grown on sclerotia of W. sclerotiorum in autoclaved soil, or 100 potato-dextrose agar (PDA) for 5 mm-diameter disks sclerotia of S. rolfsii in nonautoclaved soil were used per were cut from the advancing margins of the mycelia. treatment. After fumigation, the sclerotia were washed in Twenty disks were used for each treatment. After sterile water and sclerotia of S. rolfsii were plated-out on exposure to MB, the mycelial disks were aerated rapidly PDA containing streptomycin (50 A.g/ml), by attaching the reaction vessels to the air manifold and chlortetracycline (50 Mg/ml), and benomyl (15 mg/ml), then tested for viability on PDA. Propagules were whereas sclerotia of W. sclerotiorum were plated-out on observed microscopically up to 5 wk and the percentage PDA without additives. Observations of viability were of the dead propagules was determined. In some cases, made until there were no changes for 3 successive days. propagules presumed to be nonviable were split and added to nutrient broth and observed further. RESULTS The effect of MB also was determined on P. cinnamomi and P. parasitica in infected avocado or pine roots,
The responses of the fungi to fumigation with MB are respectively. Roots (1-2 mm diameter) from infected trees given in Fig. 2 and Table 1 . Curves for the other fungi not were agitated in water 10 min, cut into 1-cm lengths, plotted in Fig. 2 may be constructed by plotting the data dipped in 70% ethanol, placed on a selective agar medium in Table 1 . All of the plots for concentrations and times (P 1 0VP), and incubated for 2 days at 24 C (23). Twelve (CT) were linear, with slopes varying from -0.5025 to roots positive for the fungus were retrieved and buried 1 -1.0400. Correlation coefficient values (Table 1) were cm deep in 50 ml of sandy loam soil in each reaction high, ranging from -0.922 to -0.996. When the data were vessel. The soil contained 10-12% water (w/w). After analyzed with the aid of a computer-assisted program, the fumigating, the aerated roots were washed in sterile curves could be classified in three groups but the water, plated-out on PioVP agar medium and incubated significance, if any, of the groupings is unknown. at 24 C. Observations of viability were made for up to 10
Obvious differences in response were apparent when days or until they were unchanged for 3 successive days. curves for fungi such as P. cinnamomi and P. parasitica Roots exposed to the LD 90 dose and the next higher dose (both in infected roots) were compared with those for less not showing evidence of growth of P. cinnamomi were susceptible fungi such as W. scierotiorum (sclerotia) and removed, minced, plated on fresh medium, and observed V. albo-atrum (infested stem). For example, for an 1 additional week.
exposure of 5 hr, approximately 23,000 Aliters/ liter were Okra (Hibiscus esculentus L.) stems infected with V. required to kill 90% of the propagules of Phytophthora albo-atrum were used to test the response of spp., but approximately three times more MB was microsclerotia to MB. Stems of glasshouse-grown okra 2-required to kill 90% of the propagules of W. sclerotiorum 3 mm in diameter were dried and sterilized with propylene and V. albo-atrum. Such comparisons are easily made oxide. Spore suspensions of the fungus were poured over when the curves for the various fungi are somewhat stem pieces 5 cm long, which were steeped 30-45 min; the parallel, but not when they intersect. In cases where the pieces then were removed and placed on moist filter paper curves intersect, the relationships of the responses at high in glass petri dishes, and incubated 2 wk at 24 C.
C are reversed compared to those at low C (compare P. Microsclerotia were formed throughout the stem pieces. cinnamomi and P. parasitica in Fig. 2) . The pieces were air-dried for 24 hr and then humidified in
The difficulties in comparing the relative responses of a reaction vessel by passing moist air from the manifold the fungi because of the variations in the slopes was over them for 24 hr to attain approximately 20% moisture partially alleviated by comparing the average at each fumigation. After fumigation of four pieces per concentration (C) for all the fungi tested. The C were vessel, the stems each were cut into five pieces 1 cm long calculated by integrating the curves, such as shown in Fig. and placed on agar containing sterile chopped okra stems 2, within the 27-hr time interval (3 to 30 hr) where and streptomycin (30 Mg/ ml). Readings were made until reproducible LD 90 data were obtainable. Most of the there were no changes in counts of viability for 3 experiments were performed in this range of exposures. successive days.
Each curve can be represented by the equation: Chlamydospores of P. cinnamomi were obtained from cultures 14 days old grown in V-8 juice broth (12). The resulting mycelia were washed, ground for 2 min in a log C= a log T + log b, blender, and filtered through cheesecloth, then C =bTa or CTa = b Chlamydospores were separated by low speed where C =concn in Aliters/ liter centrifugation, counted, and mixed with autoclaved T = time in hours sandy loam soil to provide 100-250 chlamydospores per a = slope (d log C/d log T) gram of soil. The water content of the soil was adjusted to b = C-intercept at T = 1 15% (w/w). After fumigation, 23 g of the soil was shaken in 200 ml water and 1-2 ml of the suspension was added to each of five dishes and swirled in cooled liquid P 1 0 VP agar 30 medium. The number of colonies that developed The sclerotia of a fungus always were more resistant to using the method of least squares.
MB than its mycelium. With P. cinnamomini, mycelia were The C values in Fig. 3 provide a basis of comparison for more resistant than chlamydospores to MB. However, the susceptibility to MB of the various fungi, since C with P. cinnamomi and P. parasitica, the responses of encompasses the entire region of effective time and mycelia and infected root tissues were nearly identical. concentration used in these experiments. The C of the The CTs of nine of the fungus preparations tested ( Fig.  Phycomycetes (P. cinnamomi, P. parasitica, P. 4, Table 2) were relatively constant over the ranges of citrophthora, and Pythium ultimum), the most exposures of 5,000-30,000 quliters/liter. With others, susceptible fungi, were very similar, whereas the C for W. particularly S. rolfsii (sclerotia), R. solani, and S. r olfsii sclerotiorum (sclerotia) and V. albo-atrum (infested (mycelia), and V. albo-atrum (mycelia), great differences stems), and F. oxysporum var. apii (mycelia), the most in CTs occurred, depending upon the concentration resistant of the fungi, was approximately 2.5 times applied. This group, which is typified by S. rolfsii greater. Preparations of the other fungi had C which fell (sclerotia), was relatively insensitive to MB at 5,000 in the range between these groups.
Another basis of comparison is available since C pliters/liter but relatively sensitive to the gas at 30,000 interceps curves in Fig. 2 for all the fungi at 4liters/liter. The responses of the remainder of the fungi approximately 12 hr. The values in Fig. 3 therefore have were similar to those for W. sclerotiorum (sclerotia) and added interpretive value since they are the concentrations P. parasitica (roots) in Fig. 4 . Values of CT for all fungi needed to yield LD 90 in a 12-hr fumigation for all the were highest when low concentrations of methyl bromide fungi.
were used.
AVE. CONC./h REQUIRED FOR LD 9 0 BETWEEN 3 + 30h (10-3 ) regard, since they are generalized comparisons of the fungi to MB. Since these are laboratory tests, some caution must be I The fact that the fungi were uniformly more sensitive to used in comparing the relative toxicity of MB to various MB when exposed to high concentrations than to low fungi as they cannot be expected to be typical of all field concentrations (Fig. 4) is very significant in the strategy of conditions. The degree of maturity of sclerotia and the use of MB for control of fungi in field soils. chlamydospores, and thickness and age of infected roots Interpretation of the data demonstrates that it is are obvious conditions to consider. Also, moisture important to use sufficient amounts of MB initially to content and types of soil and host tissues profoundly obtain as high a concentration of MB as possible in the affect fungal responses to MB (18, 19). We have soil profile. attempted to standardize our tests as much as possible to
Although we can predict a kill of 90% of the propagules avoid some of these errors. Field observation and other of a fungus by treatment with MB, we can not be positive experiments have confirmed some of our data; i.e., V. that the remaining 10% of the propagules would be albo-atrum is very resistant to MB (17), and buried unable to cause disease. The slopes of the dosage response sclerotia of S. rolfsii have been observed by us to survive curves are very steep and the time required to kill 99% of very high concentrations of MB in field experiments, the propagules at a given concentration of MB is only a Obviously, when fungi exist as sclerotia or similar few minutes longer than the time required to kill 90%. structures, the response to MB may be quite different Therefore, if the total CTs in a field fumigation were in from mycelium. Such factors must be considered when excess of those required to give the LD 90 values, it is attempting to apply these data to the field, probable that most of the population would be killed and We fumigate fields and assay the soil air at various commerical control of the disease would be attained. depths to determine the MB concentration (10). While C With organisms such as S. rolfsii and W. sclerotiorum, at a given point in soil is continually changing, usually a the number of propagules (sclerotia) in soil may be plot of C versus T after initiation of fumigation shows a determined by direct counts, so the effect of fumigation sharp rise to a maximum, then a more gradual decrease in can be bioassayed. It appears to be much more difficult C. By comparing the total CTs attained in the field with with a successful soil inhabitant such as P. ultimum. the CTs shown by these experiments to be necessary to
In laboratory practices these data have been used to kill the fungi, it is possible to predict whether a fumigation predict the response of other organisms to MB. For is a success. The data in Fig. 3 
